In this paper is described a method by which a pointlike source of acoustic emission can be located in an anisotropic plate. The method is applicable for a source in an anisotropic solid of arbitrary symmetry as long as the principal acoustic axes of the material are known a priori. It is shown that from the time-of-flight differences of particular features in the waveforms detected by any pair of sensors, a set of nonlinear transcendental equations can be formed in which the coefficient of each term in the equations is related to the time-of-flight differences, the geometrical parameters of the array, and the wave speeds of quasiwaves propagating along each source/receiver path. 
INTRODUCTION
The problem of locating a source of acoustic emission in a structure is of importance in geophysics as well as nondestructive materials testing. To solve this problem, knowledge is needed about the radiation characteristics of the source, the propagation of the elastic waves between the source and the receivers, and the geometry of the receiving sensor array. The solution of this problem for the most general case is enormously difficult. In actual applications, simplifications are sought to obtain a solution. When the source is small compared to the source-receiver separation, the material is homogeneous and isotropic, and the sensors are pointlike and are positioned in a geometrical configuration, considerable simplifications result in the analytical and numerical treatment. The assumptions used must, however, be physically realistic for particular measurement situations. In se:ismology, the earth's crust possesses discontinuities and gra,dients in its mechanical properties. m To describe the propagation of elastic waves in the earth, very special analytical methods have been utilized, and the location of seismological sources relies on numerical procedures utilizing complex algorithms which are modified with succeeding events. • For the study of materials and, in particular, the dynamics. of failure processes and wave interactions in them, the quantitative acoustic emission (QAE) technique has been developed. The basis of the technique is that a source in a material emits elastic waves which are detected at the surface of the structure and AE signal-processing techniques are then used to process these signals to identify and to characterize the source of emission. The source corresponds to a dynamic force field change and an irreversible release of energy at the source point. It may be the result of the motions of dislocations, the initiation and propagation of a crack, phase transformations, or the action of simulated sources such as the thermoelastic and ablative effects accompanying the interac-in a structure and the AE is detected by N sensors whose location is specified by x k (k = 1,2,3 ..... N), then the distance between the k th sensor and the source can be determined from measurements of the arrivals, t k, of particular waves at 
where c is the speed of propagation of the wave and t o is the unknown time origin of the source. Since there are also the three unknown source coordinates, the arrival times determined from the waveforms detected at four sensor positions are required to uniquely locate a source. It is advantageous to use more than four sensors since the system of equations becomes over determined and least-squares processing algorithms can be used to obtain the optimal solution to the measured arrival-time data. 9 Critical to the above procedure is knowledge of the speed of propagation of a particular wave mode. Unfortunately, because of geometric wave-dispersion effects, the identification of wave arrivals of equivalent wave modes in signals detected by sensors located at widely different distances from the source point becomes difficult. This has led to the development of a small-array sensor •ø for which the source of emission is always exterior to the array. For this case, the source-location procedure can be based on measurement of the arrivals of two dominant pulses in a waveform whose speeds of propagation, c, and c2, are 
The angle between the axis of the array and the source is subsequently found by triangulation. To be able to simulate numerically various causes of systematical errors in the source-localization process, statistical methods have been extensively used. Sec. III are presented experimental data for a unidirectional composite material. This is followed by concluding remarks in Sec. IV.
I. GENERAL SOLUTION OF THE 3-D SOURCE-LOCATION PROBLEM
The solution of the general three-dimensional sourcelocation problem in an anisotropic solid is a formidable task. Here, we restrict ourselves to a simpler problem by adopting the following assumptions: (1) We suppose that the wave propagation occurs in an infinite platelike structure whose thickness is uniform; (2) the material is a perfectly elastic, homogeneous anisotropic solid; (3) the wave dispersion is negligible; (4) the active areas of the source as well as the receivers are pointlike; (5) the order of the elastic symmetry of the solid is restricted to be orthorhombic or higher; and (6) the principal axes of the solid are known a priori and are oriented along the coordinate axes of the specimen.
The first assumption is often readily realized in practice since platelike elements are very common structural components. The second assumption, which is indirectly linked to the third one, might appear somehow restrictive because perfectly elastic bodies are rare, especially when applications in the field of synthetic materials such as composites are considered. Our approach here is to describe a basic problem in a very general way. For that purpose, we need to make several simplifications, and the absence of dispersion will be one of them. It may be possible to include the influence of dispersion in the treatment, and this point will be addressed later. The fourth assumption is met by many actual sources of emission and by using small aperture sensors to detect the signals. By definition, a pointlike source or a receiver is one whose active region is small compared to the sensor/source separation and whose dimension is smaller than the dominant wavelength in the AE signal. In many applications this assumption is easily met. Excluded from our analysis are very small arrays of receiving sensors for which the source is located exterior to the array. Also excluded are extended sources. It may be possible to extend the method described here to such sources, but this will not be developed further here. The last two assumptions are often made in describing the mechanics of composite materials. Most engineering materials are characterized by high-symmetry order in their elastic properties. Generally, an orthorhombic symmetry is sufficient to describe the properties. The last assumption, which involves the superposition of the geometric and crystallographic axes, can always be verified by a preliminary calibration procedure.
The placement of the sensors comprising the receiving array is of considerable importance. In some cases, the sensors are positioned on one or both surfaces of the test specimen and the surfaces themselves correspond to a principal plane of the material. This is usually the case for nearly all engineering sheetlike materials, and such a testing situation is not too restrictive. On the other hand, the last assumption is inappropriate when making measurements on single-crystal specimens which have been cut in an arbitrary orientation. Thus the method that is proposed here is intrinsically limited to ordinary engineering materials.
Dealing only with that last case, several configurations for the sensors are possible, in terms of their positioning. Figure 1 describes three common configurations. These include the random distribution, the two orthogonal lines case, and the circular configuration. Each of these arrangements has its advantages and disadvantages. For instance, the random distribution might be of interest when dealing with a stochastic problem, i.e., when the source location might be located at an arbitrary site in the plate. This is similar to the measurements in quantitative seismology. In the testing of materials, however, particular regions of a structure are more critical or, because of the stresses which are applied, are more likely to fail and hence need to be especially monitored. We limit ourselves here in the description of deterministic process only. For this situation, a more regular distribution of the sensors is desirable, and thus the two orthogonal lines and circular distributions are of special interest. The formulation we will analyze in detail will be the circular configuration. However, the calculations for the two-orthogonal lines case are similar but simpler.
We The eigenvalues of the Green-Christoffel tensor are computed by using a cyclic Jacobi method with threshold value sweeps. •8, •9 Some numerical results using this scheme are presented in Sec. IID. We note that when dealing with thin plates, i.e., the ratios 2h/dand 2h/R < 1, and the propagation occurs approximately in one of the principal planes The parameters used durifig the numerical simulation are compiled in Table II . The elastic constants used in the simulation were those for a uniaxial fiberglass epoxyde resin composite material? To simulate the influence of random errors on the time-of-flight data, a perturbation procedure has been employed using a quasinormal density of distribution. Next, the algorithm was run ten different times for a given set of parameters. For statistical purposes, averages, standard deviations; and coefficients of variation were computed. Numerical results obtained for three different cases are presented. In Table III are listed the results obtained when the convergence of the algorithm was tested for various locations of the AE source. Beyond the angular dependence ofAR/R and Aa at a given R, which may change for other sets of the parameters, it is seen that there is a dramatic decrease in the accuracy of the location process when the source is located exterior to the array of sensors. This trend is significant, as it remains unchanged for other combinations of the parameters. The difficulty in recovering the source location is shown by the increase of the number of iterations required from just a few at R = 5.00 cm to several tens when R = 15.00 cm. This clearly shows the impediments at convergence of the noisy data when the source is situated far from the center of the array of sensors. In the numerical simulations it was found that the algorithm usually did not converge for the two-dimensional source-location problem with R > 50.00 cm. In Table IV Table III,=  5.00 cm in Tables IV and V   a = variable in Table III , from 0 ø to 90 ø with a 10 ø angular step, = 45 ø in Tables IV and V   h = 0.01 cm   n = 8 in table III, variable in Table IV, = 4 in Table V d(Atp ) = 1% in Table II1, = 2% in Table IV, = 0% in Table V To describe this problem in a very general way, a material whose elastic properties possess an orthorhombic symmetry has been considered. The mechanical parameters used during the numerical simulation are listed in Table VI 
III. EXPERIMENTAL RESULTS FOR A UNIDIRECTIONAL COMPOSITE

A. Sample description
The samples used in the experimental work were fiberglass-reinforced materials from the Extren 500 series, es which were made with an isophthalic polyester resin. This type of material is generally used in structural applications involving corrosive environments and is manufactured by the pultrusion process. The final product is porous and has a medium homogeneity as well as rough surfaces. These features add some inherent obstacles to the source-location process, which are related to dispersion and attenuation of the elastic waves propagated in this material.
Plates that were 304.8 mm square and of thickness 6.35 mm were tested. The glass fibers lay in the plane (1,2) and were mainly oriented along one principal direction, say in the direction X•. Thus these composite materials are to a good approximation unidirectional. The ratio of the Young moduli in the two principal in-plane directions (e.g., X• and X:) was approximately 1.5. Tables VIII, X, and XI, variable in Table IX d ( versely isotropic whose properties are fully specified with five independent elastic constants. Because the discussion is a source of acoustic emission is to be located. The procedure is described in the following section.
D. Isotropic and anisotropic optimizations
When the calibration procedure is completed, one can proceed with the source-location process. This is illustrated here by using the fracture of a glass capillary as a simulated AE surce at an arbitrary source location. The advantages of this source include its broad bandwidth, high excitation energy, and unidirectional radiation characteristics. Some experimental results are collected in Table XI for 12 different locations, all of them situated in the upper right quadrant of Fig. 4 . These results clearly show that the localization of the pointlike acoustic emission source is correctly done in most of the cases. Furthermore, the results are systematically better when the material is assumed to be transversely isotropic instead of isotropic. It is noted that, in some cases, there is no convergence when the material was assumed to be isotropic. Generally, the convergence is more precise when the source is located inside of the circular array of sensors, as shown in the last four entries of Table XI . This trend is in agreement with the results obtained by using the two-dimensional numerical simulation (Table III) . On the other hand, for some locations, far removed from the center of the array (e.g., the first three entries in Table XI) Although the simulated source has been kept distant from any sensor, the propagation of the elastic waves, during the calibration procedure as well as during the source-location process, occurs in nonprincipal planes. Hence, in a correct procedure, one should include the two remaining elastic constants, C•3 and C44, with C44 = (C• -C•)/2 and compute the eigenvalues of the Green-Christoffel tensor, as was done for the full three-dimensional problem.
IV. CONCLUSIONS
We have described in this paper a procedure for finding an efficient solution to the problem of locating a source of acoustic emission in an anisotropic plate. In some cases, which were demonstrated with experiments, the source-location problem can be treated as a two-dimensional situation. However, in the more general case, a more realistic approach is to deal with the full three-dimensional problem, which implies several restrictions. These include the follow- Extensions of this work will include its application to other specimen geometries, as well as other sensor distributions. Of special interest might be the two orthogonal lines of sensors geometry. For location of pointlike AE sources in ß very thin plates or in thin layers, numerical schemes similar to those described in this paper may be based on arrival time data of Lamb waves, pseudo-Rayleigh, or Love waves. A reliable solution of the three-dimensional source-location problem is best obtained from measurements in thick plates. That is, it is not possible to reliably determine the throughthickness coordinate of an AE source in a very thin layer, that is, one which is only a few/tm thick.
